For the extensive detection of alkane-degrading bacteria, three combinations of PCR primer sets and gene probes were designed based on homologous regions within a variety of alkane hydroxylase genes registered in GenBank and examined for their availability. PCR with the primers amplified DNA fragments of expected size from all the bacterial strains used for primer design, and all of the amplified fragments gave positive results on Southern hybridization with the newly designed probes. To evaluate the availability of these primers and probes, they were applied to 74 wild-type alkane-degrading bacteria newly isolated from various environments. The primers amplified DNA fragments of expected size from all the wild-type strains, while the probes gave positive results against amplified fragments from 59 strains. The results suggest that this primer and probe system can detect most alkane-degrading bacteria, and can be applied to evaluate alkane-degradation potential in the environment.
Oil spills are one of the main causes of pollution in soil, ground water, and marine environments. Crude oils are mainly composed of hydrocarbons such as saturates, aromatics, resins, and asphaltenes 10) . The saturates and aromatics are easily biodegradable, and in the case of the Alaskan oil spill from the Exxon Valdez, about 50% of the spilled oil was estimated to be biodegraded 27) . Therefore, it is of great importance to understand the behavior of microbial populations responsible for the degradation of crude oil. Most attempts to monitor microbial populations using molecular biological methods at sites contaminated with crude oil have relied on an rRNA approach such as the electrophoresis of PCR-amplified 16S rDNA fragments on a denaturing gradient gel (PCR-DGGE) 14, 16, 20, 26) . The detection of functional catabolic genes for evaluating the biodegradation potential of hydrocarbons has been reported much less often 3, 13) .
This study focuses on n-alkanes, a major component of crude oil, and aims to develop a molecular technique for the detection of alkane-degrading bacteria. Three PCR primer sets to detect a wide range of genes encoding alkane hydroxylases, which are the key enzymes catalyzing the first step of alkane degradation, were designed from highly homologous regions of various alkane hydroxylase genes. DNA probes to specifically identify the PCR products were also designed from highly homologous regions within the PCR-amplified alkane hydroxylase genes. The designed primers and probes were assessed by applying them to both known and newly isolated alkane-degrading bacteria.
Materials and Methods

Bacterial strains and growth conditions
Among the 16 authentic bacterial strains for which sequence information on the alkane hydroxylase gene is available from GenBank 15) (Table 1) , 9 strains (written in bold type in Table 1 ) were kindly provided by fellow researchers (Amycolatopsis rugosa NRRL B-2295 and Rhodococcus erythropolis NRRL B-16531 from Dr. Becker, L.A., Pseudomonas fluorescens CHA0 from Dr. Defago, G., Pseudomonas aeruginosa PG201 from Dr. Fiechter, A., Pseudomonas aeruginosa PAO1 from Dr. Holloway, B. and Dr. Phibbs, P.V., Acinetobacter sp. ADP1 from Dr. Juni, E., Pseudomonas aureofaciens RWTH529 from Dr. Klinner, U., and Acinetobacter sp. 2769A, Pseudomonas aeruginosa PG201, Pseudomonas putida GPo1, and Pseudomonas putida P1 from Dr. Van Beilen, J.B.). These authentic strains were used for experimentally evaluating the specificity of the designed primers and probes. In addition, a total of 74 wild-type alkane-degrading bacteria were isolated from various environmental samples including soils from gas stations and dumping sites, sediments from ditches and ponds, and seawater. They were isolated using a slightly modified mineral medium agar plate 9) supplemented with n-octane or n-hexadecane as a sole carbon source in vapor by placing noctane-or n-hexadecane-soaked cotton on the lid of a Petri dish (Alkane medium). They were morphologically and physiologically characterized, and identified according to the diagnostic tables of bacteria in Cowan and Steel 4) . Their alkane-degrading ability was confirmed by growth on a liquid alkane medium.
Design of primer sets and probes for detection of alkane hydroxylase genes
The alkane hydroxylase gene sequences of the 16 bacterial strains were obtained from GenBank and subjected to multiple alignment using CLUSTAL W 25) . Highly homologous regions were selected to design PCR primer sets. PCR simulation software, Amplify (Ver. 1.2, University of Wisconsin) 7) , was used to evaluate the primability and stability of binding to the target sequences, expected amplified fragment sizes and amplification strength. A homology search in the database was performed using FASTA 21) and BLAST 1) to investigate the specificity of the newly designed primers. Oligonucleotide probes were also designed The strains and the alkane hydroxylase genes used in the experimental investigation are indicated in bold type. a A measure calculated as a function of the position (heavily weighted toward the pairs near the primer's 3' end) of primer-target matching pairs which indicates how easily the DNA polymerase will be able to extend the sequence at that end. b A measure calculated as a function of the ratio and distribution of the GC primer-target matching pairs which indicates how tightly the primer and target are bound. c Homology between the probe and target. d F, forward primer; R, reverse primer; P, probe.
from highly homologous sections within the PCR-amplified regions. They were also evaluated for their primability with the target regions.
PCR amplification
To prepare the DNA templates for PCR, each bacterial strain was aerobically grown overnight at 30°C on Luria Bertani broth (10 g/l peptone, 5 g/l yeast extract, and 5 g/l NaCl, pH 7.2). DNA extraction was performed by methods described previously 23) . PCR was conducted for 30 cycles, with denaturation at 94°C for 60 s, annealing at 40°C for 30 s, and extension at 72°C for 30 s using the Program Temp Control System PC-707 (ASTEC, Fukuoka, Japan). The PCR products (10 ml) were analyzed by electrophoresis on a 1.0% agarose gel stained with 0.5 mg/ml of ethidium bromide solution.
Southern hybridization
The probes were labeled with digoxygenin-11 dUTP using the Dig Oligonucleotide 3'-End Labeling Kit (Boehringer Mannheim, Germany) according to the procedure described by the manufacturer, and used for hybridization. Southern transfer was performed using a Model 785 Vacuum Blotter (BIO-RAD, USA) as per the manufacturer's directions. Detection of the digoxygenin-labeled probe was performed using the Dig DNA Labeling and Detection Kit (Boehringer Mannheim, Germany) according to the instructions supplied, except that the hybridization temperature was set at 40°C.
Results
Design of primer sets for detection of alkane hydroxylase genes
Multiple alignments were performed using the 16 alkane hydroxylase gene sequences, and they were classified into 3 groups (Fig. 1) . In each group, highly homologous regions were found among gene sequences encoding alkane hydroxylases, and 2 separate candidate regions for primer sets were chosen. In principle, the most common bases within the homologous sequences were selected for the design, allowing mismatches against certain genes at positions of sequence divergence. However, the most common bases were occasionally replaced by less common ones. For example, in designing the primer ALK-3F (Fig. 2) , although the most common base at the 10th position from 5' is adenine (A), thymine (T) was introduced to improve both primability and stability with Pseudomonas aeruginosa PAO1 and P. aeruginosa PG201. Such manipulation was based on the PCR simulation by Amplify to maximize the possible detec- tion of all the gene sequences used for the primer design. All primers were designed based this principle. The designed primers (ALK primers) ALK-1F/ALK-1R, ALK-2F/ ALK-2R, and ALK-3F/ALK-3R were used for the detection of Group I, II, and III strains, respectively. The sequences are shown in Table 2 .
Simulations using Amplify revealed that with 3 primer sets, specific DNA fragments could be amplified from all the alkane hydroxylase genes used for the design. The primability and stability of the ALK primers are summarized in Table 1 . The expected PCR product sizes were 185 bp, 271 bp, and 330 bp for Group I, II, and III strains, respectively.
Based on homologous regions within all the expected amplified fragments in each group, DNA probes for the alkane hydroxylase genes (ALK probes) were also designed (Table 2 ) using the same principle as for the primer design. ALK-1P, ALK-2P, and ALK-3P were used for the detection of Group I, II, and III strains, respectively. The primability of each ALK probe for the target gene sequences is also shown in Table 1 .
The FASTA analyses revealed that the ALK primers and probes showed exclusive homology to the genes related to the alkane hydroxylases (data not shown). Further, after the ALK primers and ALK probes had been designed, 2 other alkane hydroxylase gene sequences of Acinetobacter sp. M-1 were reported: alkMa (GenBank accession number AB049410) and alkMb (AB049411). We confirmed that these alkane hydroxylase genes can be detected by the ALK-2F/ALK-2R primer set and ALK-2P probe for Group II strains (data not shown).
Evaluation of the ALK primers and probes using authentic strains
To examine the possibility of specifically detecting the alkane hydroxylase genes, PCR and Southern hybridization were conducted using 9 bacterial strains for which alkane hydroxylase gene sequence information is available from GenBank: 3 strains in group I (Pseudomonas aureofaciens RWTH529, Pseudomonas putida GPo1, Pseudomonas putida P1), 2 strains in group II (Acinetobacter sp. 2769A and Acinetobacter sp. ADP1), and 4 strains in group III (Amycolatopsis rugosa NRRL B-2295, Pseudomonas aeruginosa PAO1, Pseudomonas fluorescens CHA0, and Rhodococcus erythropolis NRRL B-16531). The fragment of expected size was amplified from all the strains tested (Figs. 3A, 3C, and 3E) , and all the amplified fragments showed positive results in Southern hybridization with the corresponding ALK probes (Figs. 3B, 3D , and 3F). The ALK primers and probes showed specificity for the alkane hydroxylase genes of target groups (for example, the primers ALK-1F and ALK-1R and probe ALK-1P could detect group I strains but not group II or III strains) (data not shown).
Application of ALK primers and probes to wild-type alkane-degrading bacteria Seventy-four alkane-degrading bacteria were isolated from various environments, and taxonomically characterized. They belonged to Pseudomonas, Acinetobacter, Corynebacterium, Brucella, Moraxella, Aeromonas, Bacillus, Flavobacterium, Bordetella, Vibrio, Kurthia, and several unknown categories (Table 3) . These isolates were used to examine the suitability of the primers and probes. Representative results of PCR are shown in Figures 4A,  4C , and 4E. Fragments of expected size were amplified from all the 74 strains using at least one of the 3 ALK primer sets. When the probes were used for hybridization of the corresponding amplified fragments, 59 strains (80%) showed positive signals. Fragments larger or smaller than expected were amplified from 22 strains (30%), however, none showed positive signals on hybridization with the ALK probes. The results of Southern hybridization performed with the PCR-amplified fragments indicated in Figures 4A, 4C , and 4E are shown in Figures 4B, 4D , and 4F, respectively.
Discussion
In this study, we designed both PCR primers and DNA probes to detect alkane-degrading bacteria. As a reference, only one report was available concerning primers and probes for the detection of alkane-degrading bacteria, though the primer set used could not detect alkane hydroxylase genes of Stenotrophomonas maltophilia N246 or its relatives 24) .
Our concept for primer design was to detect as many kinds of alkane-degrading bacteria as possible. Therefore, all the alkane hydroxylase genes registered in GenBank were multi-aligned. There were 16 alkane hydroxylase gene sequences in the databank as of April 2000, and all were classified into 3 groups through phylogenetic analysis. The alkane hydroxylase genes classified into Group I encoding alkB which catalyzes medium-chain-length (C 6 -C 12 ) nalkanes via a terminal oxidation pathway with monooxygenase systems, are possessed mainly by Pseudomonas spp. and related types 18) . The genes classified into Group II encoding alkM which catalyzes long-chain alkanes (C 12 -) via terminal oxidation with hydroxylase (monooxygenase) systems or with dioxygenase systems (Finnerty pathway) 8) are possessed by Acinetobacter spp 17) . The genes classified into Group III encoding alkB or alkB1 are unknown for substrate specificity, n-alkane oxidation pathways, and oxidation systems 24) . Since highly homologous regions could be found among each group of alkane hydroxylase gene sequences, every ALK primer was designed based on the sequences of those regions. Theoretical calculations using the PCR simulation software Amplify, revealed that ALK primers could amplify specific DNA fragments from all the corresponding gene sequences referred to for their design. DNA probes were also designed from internal, homologous regions to specifically identify the amplified fragments. The aforementioned theoretical calculation suggests the possibility of detecting all the alkane hydroxylase-derived amplified fragments using the ALK probes.
In order to experimentally examine the specificity for alkane hydroxylase genes, the ALK primers and probes were applied to authentic bacterial strains possessing alkane hydroxylase genes. The primers successfully amplified PCR products of expected size from all the 16 strains tested. It is noteworthy that a PCR product of anticipated size was amplified from Amycolatopsis rugosa NRRL B-2295 in which alkane hydroxylase genes showed very low primability and stability with ALK primers for Group III in simulations with Amplify (Table 1) . These results suggest that the ALK primers can detect all the alkane-degrading bacteria used for the primer design (see Table 1 ). Southern hybridization with ALK probes was carried out to further identify the amplified fragments, and successfully detected positive results from all the fragments.
In total, 74 wild-type alkane-degrading bacteria were isolated from a variety of environments to evaluate the applicability of the ALK primers and probes. The isolates affiliated into at least 11 genera, which suggested that various types of alkane-degrading bacteria could be isolated and that they were suitable for evaluating how extensively the ALK primers and probes can detect alkane-degrading bacteria. PCR products of expected size were amplified from all the 74 strains (100%) using at least one of the 3 ALK primer sets, and the amplified fragments from 59 isolates (80%) were hybridized with the ALK probes. The number of positive strains identified by the hybridization was smaller than that by PCR. This is probably attributable to the low homology between the probe and target regions of fragments amplified by PCR as the probes were designed based on the homologous regions of the PCR-amplified fragments. This result can be also interpreted as showing the variety of alk genes detected in the present study because even the amplified fragments that resulted in hybridization-negative results were of the expected sizes. Anyhow, it can be considered that there is little possibility of non-specific amplification of fragments of anticipated size from non-target regions of isolates possessing the ability to degrade alkane, and therefore, the PCR-amplified fragments of expected size should be derived from alkane hydroxylase genes. On the other hand, additional fragments larger or smaller than expected were obtained from 22 isolates. However, none hybridized with the ALK probes, and therefore, ALK probes are suitable for specifying the amplified fragments. The number of bacterial strains detected by the ALK primers for Group I was small in the present study. This might be attributable to the fact that most of the alkane-degrading bacteria were isolated with n-hexadecane as a sole carbon source, and consequently, the isolation of Group I bacteria, which prevalently degrade medium chain-length (C 6 -C 12 ) alkanes might not be good enough. ALK primers for Group II well detected all the isolates identified as Acinetobacter. As the ALK primers for Group II bacteria were designed to detect alkM genes responsible for degrading long-chain alkanes (C12-) with hydroxylase systems mainly possessed by Acinetobacter 17) , this result is consistent with previous reports. In addition, many bacterial strains except Acinetobacter could also be detected using the ALK primers for Group II. This indicates that the above mentioned n-alkane degradation systems may also exist in other genera. ALK primers for Group III could detect over 60% of isolates belonging to at least 9 different genera. Though few details are available on this group, our observation suggests that these bacteria are common in alkane-degrading environments.
The primer and probe system established here is useful for detecting and/or monitoring alkane-degrading bacteria in various environments in combination with direct DNA extraction from a variety of environmental samples 23) . Though monitoring by PCR has advantages, i.e. speed and sensitivity, compared with culturing methods, it is necessary to further examine the availability of the ALK primers and probes as tools for monitoring the behavior of alkanedegrading bacteria by applying them to microcosms or various environments. The use of designed primers and probes can provide quantitative information not only by MPN-PCR 22) but also by in situ PCR 5, 11) or fluorescent in situ hybridization 6) . PCR-DGGE 12, 19) offers qualitative information such as the dominant species among alkane-degrading bacteria. The accurate evaluation of alkane-degrading activity in environmental samples may also be possible using RT-PCR 2) techniques with the designed primers and probes.
for generously providing the bacterial strains.
